ABSTRACT M mode echocardiograms were obtained from 654 healthy subjects, 7 to 22 years of age, whose diastolic blood pressure levels remained in the same height-, race-, and sex-specific decile during two biannual examinations. Echocardiographic measures of heart size, obtained according to the recommendations of the American Society for Echocardiography, were compared across the entire systolic and diastolic blood pressure distributions. Echocardiographic indexes of left heart size varied as a function of both blood pressure levels and body size. Significant positive correlations were present between systolic blood pressure and different measures of left ventricular size. Left ventricular wall thickness in systole correlated with systolic blood pressure (r = .42, p < .0001), and persistence of this relationship was noted after adjustment for body size. Left ventricular wall thickness in diastole correlated with blood pressure before adjustment (r = .31, p < .0001), but the relationship was not significant after adjustment for body size. The ratio of left ventricular thickness to chamber size (systole) correlated with systolic blood pressure levels both before and after adjustment for body size (r = .20 and r = .22, p < .001). Male subjects of both races demonstrated significantly higher adjusted left ventricular mass, left ventricular wall thickness, and left ventricular chamber size. Adjusted left ventricular wall stress was significantly related to both systolic (r = .14) and diastolic blood pressure levels (r = .14, p < .001). Measures of left ventricular wall thickness increased throughout the entire blood pressure distribution, indicating a consistent trend rather than a threshold effect seen only in the highest blood pressure groups. These data demonstrate the early changes in left ventricular geometry across a normal distribution of blood pressure in the young.
HYPERTENSION in adulthood is associated with an increased prevalence of cardiovascular disease and target organ damage.'-' In the Framingham and other studies, left ventricular hypertrophy was shown to be a strong predictor of cardiovascular morbid events. 6 Several studies have shown a correlation between persistently high blood pressure in adults and left ventricular mass.7-9 In hypertensive adults, coexistent ischemic myocardial disease and other pathophysiologic mechanisms can contribute to the development of left ventricular hypertrophy.' In an effort to understand the developmental stages of cardiovascular risk, it was of interest to investigate the relationship between left ventricular size across the blood pressure distribution in a representative population of children. Recently, several groups0-14 have observed significantly increased left ventricular size in children with high blood pressure. One limitation of these early studies was the use of relatively small dichotomous groups of children with relatively high and low blood pressures.
The present study was designed to extend these echocardiographic evaluations to a larger sample of young subjects across the entire distribution of blood pressure. Measures of heart size were assessed in 654 children selected from across the blood pressure distribution. These data may help clarify the age of onset of target organ damage in a free-living population and aid in a better understanding of the early natural history of cardiovascular disease.
between 1973 and 1982. Blood pressure, laboratory, questionnaire, and anthropometric data were collected on all participants, as has been previously defined. '5 The same protocols were used in all longitudinal examinations.
Sample selection. Children with stable blood pressure levels over a 2 to 3 year period were selected for the echocardiographic study. Specifically, those children whose height-, race-, and sex-specific diastolic blood pressure rank remained within 10% from either the second (1976) (1977) to the third (1978) (1979) or from the third (1978) (1979) to the fourth (1981) (1982) ) school survey were eligible to participate in the Bogalusa Echocardiography Study. Table 1 shows the age, race, and sex distributions of the participants for whom good-quality echocardiograms were available. Age of the participants ranged from 7 to 22 years, with 83% between the ages of 10 and 17 years. Equal numbers of boys and girls were selected and approximately twothirds of the participants were white and one-third black. The race and sex distributions reflect the composition of the general community, as expected, since the participants were selected according to race-and sex-specific criteria. Since the children were selected according to stability of blood pressure rank and not based on absolute level of blood pressure, the entire spectrum of systolic and diastolic blood pressure levels is represented in this sample. More than half of all eligible children (1285 eligible, 651 participants, 51 %) were studied by echocardiography. Blood pressure levels and body size of participants and nonparticipants at the third Bogalusa school screen (1978) (1979) were compared. Nonparticipants had slightly higher blood pressure levels (3.1 mm Hg systolic and 1.6 mm Hg diastolic blood pressure) and were taller (9 cm), heavier (6.6 kg) and older (2.8 years) than participants. However, after adjustment for the differences in body size no significant difference in blood pressure levels was seen between participants and nonparticipants (adjusted systolic blood pressure 103.1 vs 103.4 mm Hg and diastolic blood pressure 63.9 vs 63.6 mm Hg).
General study design. Figure 1 depicts the screening protocol for participants in the echocardiographic study. Blood pressures were obtained from the right arms of seated subjects, after measurement of the arm to ensure that the proper cuff size was used, according to protocols reported earlier. 15 Nine blood pressure values were recorded for each participant, six with mercury sphygmomanometers and three with a Physiometrics (Sphygmetrics Inc., Woodland Hills, CA) automatic blood pressure recorder. Blood pressures were recorded as the first, fourth, and fifth Korotkoff phases. The participants were then randomly assigned to each of the three remaining procedures. Anthropo- Table 3 shows the increase in left ventricular mass across age groups calculated with both of the above equations, one derived from studies of adult hearts at autopsy and the other from angio- surface area) and age are highly intercorrelated, linear regression analyses were used to obtain the most appropriate model for body size adjustment of echocardiographic variables and adjusted means were generated to assess for age, race, and sex differences independent of body size. Partial correlation coefficients were determined to assess for differences in cardiac size across the blood pressure distribution.
Results
The changes in echocardiographic measures of heart size across age are shown in surface area, were significantly related to measures of heart size. Figures 2 and 3 show the relationship between heart size and age, weight, and sex. Left ventricular mass increased continuously across the five weight quintiles and age groups, with male participants having consistently greater mass. The relationship between left ventricular mass and weight and age is depicted in these figures, and as might be expected, similar findings were obtained for all other anatomic measures of heart size, with a general increase with age and weight and a greater mass in male participants. No race-related differences were noted.
Since body size was highly correlated with both blood pressure levels and echocardiographic measures of cardiac anatomy, it could act as a confounder in the assessment of the relationship between cardiac size and blood pressure. Therefore, an adjustment for body size was necessary before evaluation of the relationship between blood pressure and left ventricular size. Since measures of body size were highly intercorrelated, multiple regression analyses were run to determine the most appropriate covariates for use in adjusting for the effect of body size. Body surface area and ponderosity (wt/ht3) were found to be the best for adjustment for body size, and adding other body size variables (age, weight, or height) did not significantly improve the model. LV wall (sys) = end-systolic left ventricular wall thickness; LV wall (dias) = end-diastolic left ventricular wall thickness; LVW change = difference from LV wall (dias) to LV wall (sys); LV mass = calculated left ventricular mass17; T/R ratio (sys) = ratio of posterior wall thickness to chamber size in systole; T/R ratio (dias) = ratio of posterior wall thickness to chamber size in diastole; Wall stress = end-systolic meridional wall stress.
AAdjusted for body surface area and ponderosity. the relationships between blood pressure levels with anatomic measures of left ventricular size adjusted for body surface area and ponderosity. Selected variables stratified by race and sex are listed in table 7. A positive relationship was observed between measures of left ventricular size and wall stress and systolic blood pressure, and to a lesser extent diastolic blood pressure. After adjustment for the effects of body size, the strength of the blood pressure-heart size relationship became weakened, as expected. A highly significant correlation of left ventricular wall thickness (systole) and the thickness to radius ratio (in systole and diastole) with systolic blood pressure remained even after adjustment for body size. The change in wall thickness from diastole to systole was also significantly related to blood pressure levels, even after the adjustment for body size. There was a significant positive relationship of left ventricular wall stress with systolic blood pressure levels. Although there was a relationship between adjusted blood pressure and posterior wall thickness in diastole, no significant relationship was noted between systolic blood pressure and either left ventricular wall thickness (diastole) or left ventricular mass. In general, similar trends were seen in all race and sex groups. Figure 4 presents the levels of left ventricular wall thickness in systole, unadjusted and adjusted for body size, by quintile of systolic blood pressure. Before adjustment for ponderosity and body surface area, left ventricular wall thickness increased relatively uniformly across the entire blood pressure distribution. After adjustment the distribution was less positive, but a significant change in wall thickness remained across the blood pressure distribution.
Discussion
Our data show the differences in left ventricular size seen in children representing an entire blood pressure distribution. They provide important information concerning expected levels of echocardiographic measures of cardiac anatomy in a healthy population. Oth .111-7 stress with no increases in left ventricular mass across the blood pressure distribution in a group of high school students. 13 We attempted to find the most appropriate covariates to prevent confounding of the blood pressure-heart size relationship by age and body size. In our population of children from 7 to 22 years old, body surface area and ponderosity appeared to be the most appropriate covariates for adjusting for body size, and the other anthropometric variables (height, weight, skinfold) and age did not significantly improve the model. In a recent study in adults, other investigators have noted a similar relationship between body size and echocardiographic variables.29
Sex differences also play a considerable role in the determination of heart size, even beyond the effects of body size. Other investigators have noted similar differences in cardiac anatomy between male and female in children25 and adults.29 30 In the determination of normal heart size in children by echocardiography, a combination of sex and body size variables should be taken into consideration.
Systolic blood pressure appears to be related to left ventricular wall thickness and stress independent of the effects of body size. Specifically, we observed a significant positive relationship between blood pressure and left ventricular wall thickness during systole (r = .21, p < .001), a relationship noted earlier by Sasayama et al. 31 Of interest is the fact that left ventricular wall thickness and wall stress also increased continuously across the blood pressure distribution, rather than only in the group with the highest blood pressure. pressure levels had recently changed (nontrackers). It is possible that in this situation left ventricular size is more representative of previous and long-term blood pressure than of current levels. In our autopsy studies of children we noted vascular changes in renal arteries related to high blood pressure levels.34' 1 These data, along with the relationship documented in this report between high levels of blood pressure (independent of body size) and left ventricular wall thickness, indicate early cardiovascular changes associated with elevated blood pressure in childhood.
The changes we noted in left ventricular size and wall stress across the entire blood pressure distribution tend to confirm the observations of other investigators of differences in changes in target organs in children with higher blood pressures when compared with those in children with lower blood pressures. As was stated previously, since these data were collected at a single point in time, we are unable to document a cause and effect relationship between blood pressure levels and changes in left ventricular geometry. Body size and sex differences play as great, if not greater, a role than blood pressure in determining heart size in most growing children, irrespective of age.
However, we explored the relationship between blood pressure and measures related to cardiac performance. End-systolic meridional wall stress was found to be inversely associated with fractional shortening (r = -.62, p < .001) in these children, a relationship that has been noted by other investigators in adult populations.136, 3 Further analysis indicates that fractional shortening has a strong positive relationship with systolic blood pressure after adjusting for myocardial afterload (wall stress), body surface area, and ponderosity index (r = .30, p < .001). As suggested by Borow et al. 36 and Lutas et al.,32 fractional shortening adjusted for myocardial afterload can be used as an indirect index of myocardial contractility. This indicates that both anatomic changes and physiologic adaptations may well be important in allowing the heart to sustain increased blood pressure levels in growing children. On the other hand, these data show the importance of traditional risk factors in children, particularly blood pressure and obesity, in the early natural history of cardiovascular disease and stress the importance of monitoring and potentially modifying these risk factors in the hope of preventing end-organ damage and reducing morbidity and mortality in later life.
